Objective To test whether earlier age at weaning (age 3-6 months) may promote faster growth during infancy. Study design Weaning at age 3.0-7.0 months was reported by 571 mothers of term singletons in a prospective birth cohort study conducted in Cambridge, UK. Infant weight and length were measured at birth and at age 3 months and 12 months. Anthropometric values were transformed into age-and sex-adjusted z-scores. Three linear regression models were performed, including adjustment for confounders in a stepwise manner. Measurements at age 3 months, before weaning, were used to consider reverse causality.
The present study focuses on one aspect of the multifaceted debate over the optimal age at weaning: the impact on growth during infancy. We report a primary analysis of the association between age at weaning and infant growth, as well as a review of the existing literature. Our primary analysis addressed 3 themes highlighted in the literature. First, we investigated the suggestion that earlier weaning is associated with faster infant growth and weight gain. [12] [13] [14] Second, we explored the potential role of reverse causality in the relationship between early age at weaning and faster infant growth. 15 Third, we examined the possible interaction between age at weaning and type of preweaning milk feeding (breast or formula) on infant growth. 16, 17 Our primary analysis and literature review focused largely on the comparison of age at weaning between 3 and 6 months. Studies of very early weaning (age #3 months) are discussed only briefly.
Methods
The primary analysis was based on participants from the Cambridge Baby Growth Study (CBGS), a prospective longitudinal birth cohort study. Mothers were recruited from ultrasound clinics at Rosie Maternity Hospital in Cambridge, UK, between August 2001 and August 2009. Mothers aged <16 years and mothers unable to give informed consent were excluded from the study. Mother-infant pairs were included in this analysis if they met the following inclusion criteria: (1) full-term birth ($36 weeks); (2) singleton birth; (3) recorded age at weaning between 3.0 and 7.0 months; and (4) recorded anthropometric measurements at birth, 3 months, and 12 months. A total of 571 mother-infant pairs met these inclusion criteria out of the 1121 CBGS pairs asked to record age at weaning at age 12 months (from August 2005 onward). The study was approved by the local Cambridge Research Ethics Committee, and all mothers gave written informed consent.
Anthropometry
Infant weight and length were measured at birth, 3 months, and 12 months by trained pediatric research nurses. Weight was measured with electronic scales to the nearest 1 g. Supine length was measured with a Kiddimeter (Holtain Ltd, Crymych, UK) to the nearest 0.1 cm. Body mass index (BMI) was calculated using the formula weight (kg)/height (m 2 ). Following the current national recommendations, weight, length, and BMI at birth were transformed into age and sex-adjusted z-scores by comparison with the British 1990 Growth Reference, 18 and weight, length, and BMI at age 3 months and 12 months were transformed into age-and sex-adjusted z-scores by comparison with the 2006 WHO growth standard. 19 
Dietary Assessment
Type of milk feeding at the infant's 3-month research clinic visit was assessed by questionnaire. Infants were categorized into 3 groups: exclusively breastfed, exclusively formula fed, or mixed fed at 3 months. At 12 months, mothers retrospectively reported when their infant had first been introduced to smooth, lumpy, and finger foods. For each infant, the earliest of these 3 ages was defined as the age at weaning, which was then classified as 3.00-3.99, 4.0-4.9, 5.0-5.9, and 6.0-6.9 months.
Statistical Analyses
The Pearson c 2 test and ANOVA were used to compare maternal and infant characteristics across the 4 age at weaning groups. ANOVA also was used to compare mean weight, length, and BMI z-scores at birth and at age 3 months and 12 months across the age at weaning groups. Multiple linear regression models were applied to assess the linear association between age at weaning and anthropometric z-scores at birth and at age 3 months and 12 months. Three models were performed. Model 1 adjusted only for potential demographic confounders: infant age and sex (z-scores used) and maternal age, parity, and deprivation score. Maternal smoking status, marital status, education level, and prepregnancy BMI were not included in the model, because the number of mothers in 1 or more categories was insufficient. Model 2 was also adjusted for type of milk feeding at age 3 months. Model 3 was also adjusted for the same growth outcome measurement (weight, length, or BMI), but at the preceding time point (birth or 3 months). To test the interaction between age at weaning and type of milk feeding at 3 months (breast vs formula), the product of these variables was entered as an additional variable into model 2. All statistical analyses were performed using SPSS version 22 (IBM, Armonk, New York).
Literature Review
A systematic search was carried out in PubMed and Web of Science for the following terms: infant* AND (growth OR length OR height OR weight OR BMI) AND (time OR timing) AND (complementary OR wean*) AND (food* OR feed*).
Articles were reviewed from database inception through June 30, 2014. Additional studies were retrieved via hand searches of publication lists of selected studies and review articles. Studies had to meet the following inclusion criteria: (1) conducted in a high-income country in North America, Europe, or Australia; (2) participants full-term, single births not selected by disease or risk group; (3) exposure defined as age at introduction of solids, not duration of exclusive breastfeeding or introduction of specific solids; (4) anthropometric outcomes measured at or before age 24 months; (5) papers written in English; and (6) nonduplication of reported results. A formal meta-analysis was not possible owing to heterogeneity in the categorization of age at weaning and in the timing of growth outcome measures among included studies. Instead, results were summarized in table format.
Results
Of the 571 infants included, 44 (7.7%) were weaned at age 3.0-3.9 months, 146 (25.6%) at age 4.0-4.9 months, 226 (39.6%) at age 5.0-5.9 months, and 155 (27.1%) at age 6.0-6.9 months. Earlier age at weaning was associated with male sex, formula milk feeding, and younger maternal age (all P < .01; Table I ). Similar trends were observed with lower maternal education level and higher prepregnancy BMI, but the numbers in some of these categories were insufficient to meet the assumptions of the Pearson c 2 test. In unadjusted models, mean weight z-scores at birth (P = .02), 3 months (P = .01), and 12 months (P = .01) were significantly different among the age at weaning groups (Table II) . At all ages, infants weaned earlier had a higher mean weight z-score than infants weaned later. Similar trends were seen for BMI at age 3 months (P = .02) and for length at age 12 months (P < .01).
In the linear regression model adjusted for age, sex, maternal age, parity, and deprivation score (Table III, model 1), age at weaning was inversely associated with weight at 3 months (P = .01) and at 12 months (P = .01). In addition, age at weaning was inversely associated with BMI at birth (P = .02) and at 3 months (P = .01) and also with length at 12 months (P < .01). These associations were attenuated after additional adjustment for type of milk feeding at 3 months and were further attenuated after additional adjustment for growth measurements at the preceding time point (ie, before age at weaning) ( Table III , models 2 and 3).
When infants were stratified according to milk feeding at age 3 months (exclusive breast vs exclusive or partial formula milk), all associations between age at weaning and infant growth showed similar effect sizes, but these did not reach statistical significance (Table IV ; available at www.jpeds. com). Furthermore, we found no evidence of interaction between age at weaning and type of milk feeding at age 3 months on infant growth (data not shown).
To formally test the possibility of reverse causality, we categorized infants according to their change in weight z-score (<À0.67, À0.67 to +0.67, or >+0.67) between birth and 3 months. 20 Infants exhibiting faster weight gain were weaned earlier than those with average or slower weight gain (P trend = .01, adjusted for age, sex, maternal age, parity, deprivation score, and weight at birth) ( Figure; available at www.jpeds.com).
Literature Review
Our systematic search identified 488 articles in PubMed and 268 articles in Web of Science. After assessment of titles and abstracts, as well as full text where necessary, 9 articles (8 from PubMed and 1 from Web of Science) met the inclusion criteria. Hand searches of publication lists of the selected studies and other review articles identified 10 additional studies. In total, 19 studies were included in the literature review (Table V) . Of these 19 studies, 17 examined infant weaning between age 3 and 6+ months, and the other 2 looked only at very early weaning (#3 months vs >3 months).
Two randomized controlled trials investigated the effect of age at weaning on infant growth. 21, 22 Neither trial reported any evidence suggesting that weaning at 3-4 months compared with 6 months affected infant weight or length. Both trials had a sample size of <150 infants and were unable to control for the amount of complementary food offered to the participants.
The 15 observational studies that examined age at weaning between age 3 and 6+ months reported a variety of significant and nonsignificant associations. Ten of the 15 studies reported no association between age at weaning and at least 1 growth outcome. 13, 15, 17, [23] [24] [25] [26] [27] [28] [29] In addition, 10 of the 15 studies reported a significant inverse association between age at weaning and at least 1 growth outcome [12] [13] [14] 16, 17, [27] [28] [29] [30] [31] ; however, of these latter 10 studies, 4 did not consider the possibility of reverse causality by accounting for preweaning measurements. 12, 13, 17, 31 Of the remaining 6 studies, 1 found significant inverse associations with weight only before age 3 months, 27 and a second study found an inverse association with weight gain in only 1 of several periods tested and only in breast-fed infants. 28 The latter study furthermore used a group with very late age at weaning for comparison (4-6.3 months vs >6.5 months). 28 A third study also compared very extreme weaning groups (3 months vs >6 months). 29 The remaining 3 studies 14, 16, 30 compared infants weaned at $4 months and those weaned at <4 months; the group of infants weaned at <4 months includes some with very early age at weaning.
Four studies reported evidence in support of reverse causality (ie, larger size or faster growth preceded earlier age at weaning). Van Rossem et al 15 found a significant preweaning increase in weight-for-height in infants weaned between 3 and 6 months compared with infants weaned at 6 months or later, but no difference in weight-for-height at age Table II No association with change in weight-for-height after weaning to 12 mo Other: Before weaning, infants weaned at 3-6 mo had a larger increase in weight-for-height (P < .05) than those weaned at 0-3 or $6 mo.
Age, sex, maternal education, ethnicity, maternal BMI, smoking in pregnancy, BF, food allergies, hospitalizations Inverse association with length gain 3-6 mo (P < .01), 6-9 mo (P < .05), and 9-12 mo (P < .001), and weight gain at 6-9 mo (P < .01) and 9-12 mo (P < .001) No association with length gain at 0-3 mo, weight gain at 0-6 mo, length at 9 mo, or weight at 9 mo 12 months. Baird et al 13 found an inverse association between age at weaning and both weight and length at age 6 months; however, when accounting for preweaning weight and length gain, these associations were nonsignificant. Lande et al 26 found an inverse association between age at weaning and ponderal index at birth, but no association with BMI at age 12 months. Finally, Wright et al 27 reported inverse associations between age at weaning and weight up to 3 months, but no association with weight gain between 1.5 and 12 months.
The 2 observational studies that examined infants weaned at very early ages also provided evidence of reverse causality. Morgan et al 32 found that infants weaned at 3 months were already heavier and longer than infants not yet weaned; this difference was no longer apparent at age 18 months. Similarly, Forsyth et al 33 found that age at weaning was inversely associated with weight as early as 1 month, but found no association with weight at 13 or 26 months.
Three studies involving tests for interaction between age at weaning and type of milk feeding reported varying results. Baker et al 16 reported a significant interaction between age at weaning and breastfeeding duration on weight gain between 0 and 12 months; longer duration of breastfeeding weakened the association between age at weaning and weight gain. Haschke and van't Hof 17 also reported a significant interaction between age at weaning and breastfeeding duration, but only on weight and length gain between 1 and 4 months and not thereafter (the direction was not reported). Conversely, in a stratified analysis, Heinig et al 28 found an inverse association between age at weaning and weight gain between 6 and 9 months in breastfed infants, but no association in formula-fed infants. Finally, 1 study reported nonlinear associations between age at weaning and infant growth, 23 and another study reported a positive association between age at weaning and growth. 17 
Discussion
Our primary analysis of a UK birth cohort study found significant inverse associations between age at weaning and weight and BMI at birth and age 3 months, before weaning had occurred. Therefore, age at weaning likely was influenced by mothers' responses to infant size, growth, or hunger cues. This finding is consistent with the most frequently reported reason for weaning in the UK Infant Feeding Survey: "Baby no longer satisfied with milk feeds." 9 Conversely, we found no evidence that earlier age at weaning, between 3 and 6 months, promotes subsequent infant weight gain or growth. Associations between age at weaning and both weight and length at 12 months became nonsignificant after adjusting for type of milk feeding and anthropometry before weaning. In addition, infants who exhibited faster weight gain between birth and 3 months were weaned earlier than those with average or slower weight gain. Type of milk feeding before weaning likely affects both time of weaning and infant growth. The significant inverse associations between age at weaning and infant growth before weaning in our primary analysis are consistent with the existing literature. 15, 17, 26, 27, 32, 33 In addition, the pattern in our primary analysis of mixed significance after adjustment for only demographic confounders and attenuation on further consideration of confounding and reverse causality supports the null findings of the 2 randomized controlled trials. 21, 22 This pattern is also consistent with the significant inverse associations reported in 4 studies that did not consider reverse causality 12, 13, 17, 31 and in 6 studies that reported evidence of reverse causality. 13, 15, 26, 27, 32, 33 It is clear that milk feeding should be treated as a confounder, as it is in the majority of the published observational studies; however, there remains inconsistency in the reported interactions, or lack thereof, between age at weaning and type of milk feeding on infant growth. 16, 17, 28 Strengths of our study include the timely assessment of growth and type of milk feeding at age 3 months, just before the range of age at weaning considered here. In addition, growth was accurately assessed at research clinics. A limitation is the relatively low level of deprivation compared with the national UK level; however, our study population was representative of its South Cambridgeshire setting. Ethnic diversity was also low. Finally, only approximately one-half of eligible mothers were included in this analysis. Nevertheless, the distribution of age at weaning, as well as the associations between age at weaning and various maternal and demographic factors, are similar to those reported in the 2010 UK Infant Feeding Survey. 9 Based on our primary analysis and systematic review of both experimental and observational evidence, weaning between age 3 and 6 months appears to have neutral effects on infant growth in high-income countries. Earlier introduction of solids in infants of larger size or faster growth likely explains the apparent inverse associations between age at weaning and infant growth. Thus, the question regarding the optimal age at weaning between 3 and 6 months in high-income countries should be informed by other infant and maternal health outcomes. n Figure. Age at weaning (mean AE 95% CI) by rate of weight gain between birth and 3 months. P trend = .01, adjusted for age, sex, maternal age, parity, deprivation score, and birth weight. Infants weaned before age 3 months were excluded. NA, not applicable. B, unstandardized regression coefficient; represents the change in z-score for each 1 month earlier weaning between 6 and 3 months. *Adjusted for age, sex, maternal age, parity, and deprivation score. †Model 1 with additional adjustment for the same growth measurement at the preceding time point.
